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Abstract
This study investigates the mechanical influence of pericellular matrix on the deformation of isolated articular
chondrocytes compressed within 3% agarose specimens. After 1 day in culture, the cells were associated with minimal
amounts of sulphated glycosaminoglycan (GAG) and hydroxyproline and exhibited substantial deformation from a spherical
to an oblate ellipsoid morphology when subjected to 20% gross compressive strain. However, over the 6 day culture period,
there was a reduction in cell deformation associated with an increase in matrix content. Treatment with testicular
hyaluronidase at days 3 and 6 reduced sulphated GAG content to levels observed in untreated specimens at day 1. At day 3,
the resulting cell deformation during 20% compression was equivalent to that in specimens compressed at day 1. However, at
day 6 cell deformation was only partially restored, suggesting the presence of additional structural matrix components, other
than sulphated GAG, which were not present at day 3. Dual scanning confocal microscopy indicated that the elaborated
matrix formed a pericellular shell which did not deform during compression and was therefore stiffer than the 3% agarose
substrate. Therefore, the elaboration of a mechanically functional pericellular matrix within 6 days, effectively limits the
potential involvement of cell deformation in mechanotransduction within cell seeded systems such as those employed for
cartilage repair. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The mechanical environment to which articular
cartilage is exposed is well known to in£uence the
metabolism of the chondrocytes both in vivo and
in vitro [1^5]. This process of mechanotransduction
is likely to be very important both in the mainte-
nance of healthy cartilage tissue and also in the opti-
misation of cell seeded cartilage repair systems [6^8].
Chondrocyte deformation, which occurs during nor-
mal physiological loading, is one of the possible me-
chanotransduction pathways [9^13]. Previous studies
have utilised the well characterised isolated chondro-
cyte-agarose model to investigate the role of cell de-
formation in mechanotransduction in isolation from
other possible mechanotransduction pathways asso-
ciated with compression of the charged extracellular
matrix [12,14^16]. Freshly isolated chondrocytes in
agarose adopt a spherical morphology, but deform
to an oblate ellipsoid morphology during gross static
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compression [16^20]. Chondrocytes maintain their
phenotype during culture in agarose as demonstrated
by the synthesis of extracellular matrix containing
aggrecan and type II collagen [17,21,22]. Previous
studies have shown that the elaboration of matrix
is associated with a reduction in cell deformation
during gross compression [19,20]. The aim of the
present study was to determine whether or not there
is a causal link between the presence of pericellular
matrix and the level of cell deformation. To test this
hypothesis the deformation of isolated chondrocytes
in agarose has been measured following selective en-
zyme digestion and removal of the matrix elaborated
after various lengths of culture period.
The mechanical properties of the pericellular ma-
trix are critical in determining the forces transmitted
to the chondrocytes, both in situ within intact carti-
lage [23^25] and within the cell agarose model.
Although the gross mechanical properties of extra-
cellular matrix have been extensively studied [26,27],
little is known of the sti¡ness of the pericellular ma-
trix. Thus the mechanism through which the presence
of a limited amount of pericellular matrix might in-
£uence cell deformation is not fully understood.
Therefore the aim of the second part of this study
was to investigate the relative mechanical properties
of the pericellular matrix by examining its deforma-
tion in compressed agarose.
2. Materials and methods
2.1. Preparation of chondrocyte-agarose cultures
Bovine articular chondrocytes were isolated using
a well established sequential enzyme digestion proce-
dure [19,20,28,29]. Cartilage from the proximal artic-
ular surfaces of the metacarpo-phalangeal joints of
18 month steers was removed, ¢nely diced using a
scalpel and cultured overnight at 37‡C and 5% CO2
in Dulbecco’s Modi¢ed Eagle’s Medium (DMEM,
Gibco, Paisley, UK) supplemented with 20% foetal
calf serum (FCS, Gibco). The tissue was incubated at
37‡C for 1 h on rollers in 10 ml of pronase solution
(100 units ml31, BDH Chemicals, Poole, UK) pre-
pared in DMEM+20% FCS. The supernatant was
aspirated and the remaining tissue incubated over-
night at 37‡C on rollers in 40 ml of collagenase
type XI solution (100 units ml31, Sigma, Poole,
UK) prepared in DMEM+20% FCS. The suspension
was then allowed to stand and the supernatant aspi-
rated and ¢ltered through a 70 Wm pore size cell sieve
(Falcon, Oxford, UK). The cell suspension was cen-
trifuged at 2000Ug for 5 min at 4‡C yielding a cell
pellet. The isolated cells were washed three times in
DMEM+20% FCS and resuspended in fresh
DMEM+20% FCS at a concentration of 8U106 cells
ml31. This cell suspension was added to an equal
volume of 6% low gelling temperature agarose
(type VII, Sigma), prepared in Earl’s Balanced Salt
Solution (EBSS, Gibco). This yielded a suspension of
4U106 cells ml31 in 3% agarose which was gelled in
a sterile mould at 4‡C for 20 min. Agarose-cell speci-
mens, 5 mm in diameter and 5 mm in height, were
cored out and cut longitudinally into half-core speci-
mens which were subsequently weighed. The speci-
mens were placed into separate wells of a 24 well
tissue culture plate (Falcon) and immersed in 2 ml
of DMEM+20% FCS. The culture plates were main-
tained for a maximum period of 6 days within a
humidi¢ed incubator at 37‡C and 5% CO2. After
3 days in culture, the culture medium was removed
and replaced with fresh DMEM+20% FCS.
2.2. Chondrocyte production of matrix and
morphology in agarose
The quantity and composition of the extracellular
matrix elaborated by isolated chondrocytes in agar-
ose after culture periods of 1, 3 and 6 days was
determined using standard biochemical analysis as
follows. Agarose-cell specimens were removed from
culture and incubated at 70‡C in 0.5 ml of phosphate
bu¡ered saline (PBS, Sigma) supplemented with
10 mM ethylenediaminetetraacetic acid (EDTA,
BDH Chemicals) and 10 mM L-cysteine hydrochlo-
ride (BDH Chemicals) until molten. The suspensions
were cooled to 40‡C and 5 Wl ml31 papain suspension
(560 units ml31, Sigma) and 10 Wl ml31 agarase
(1000 units ml31, Sigma) were added to each sample
before being incubated for 24 h at 40‡C.
The solutions were assayed in triplicate for both
sulphated glycosaminoglycan (GAG) and hydroxy-
proline content using the dimethyl-methylene blue
(DMB) assay [30] and the well established hydroxy-
proline assay [31] respectively. The absolute sulph-
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ated GAG and hydroxyproline content for each
specimen was normalised to the specimen weight
measured at day 0.
At days 1, 3 and 6 of culture, the morphology of
isolated chondrocytes within agarose specimens at
0% and 20% compressive strain was examined using
confocal microscopy. Viable isolated cells were £uo-
rescently stained en bloc by incubating the cell-agar-
ose specimen at 37‡C for 1 h in 2 ml of 5 WM Calcein
AM (Cambridge BioScience, Cambridge, UK) pre-
pared in DMEM+20% FCS. The specimen was
then placed on a coverslip and immersed in
DMEM+20% FCS within a specially designed test
rig (Fig. 1) [19]. The test rig was mounted on the
stage of an inverted microscope (Nikon, Kingston
upon Thames, UK) attached to a confocal laser
scanning microscope system (CLSM, Molecular Dy-
namics, Sevenoaks, UK). For studies of cell mor-
phology in compressed agarose, a 20% uniaxial un-
con¢ned compressive strain was applied at a strain
rate of approx. 20% min31, by means of a micro-
meter head associated with the test rig (Fig. 1). A
10 min period of stress relaxation was observed prior
to measurement of cell deformation.
Individual chondrocytes were visualised at a depth
of 50^100 Wm into the agarose specimen using a pre-
viously described confocal microscopy technique
[19,32]. To review brie£y, a single horizontal confo-
cal section scan was made bisecting the centre of an
individual cell. This was initially achieved by making
a vertical confocal section through the cell from
which the horizontal scan could then be accurately
positioned. However, with experience, it was found
that by carefully focussing the cell using the optical
microscope associated with the CLSM, the horizon-
tal section would automatically bisect the cell centre.
Using the selected U40/0.55 ELWD objective lens
and the laser excitation wavelength of 488 nm, the
theoretical confocal horizontal resolution was ap-
prox. 0.5 Wm. To de¢ne the cell boundary, a half-
maximum intensity threshold was applied to the re-
sulting confocal images as adopted in previous stud-
ies [9,19,33,34]. The full width half-maximum
(FWHM) diameters of each cell were measured par-
Fig. 1. Schematic diagram showing the procedure for measuring cell deformation in compressed agarose-cell half-core specimens using
2D confocal microscopy.
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allel (X) and perpendicular (Y) to the compression
axis of the test rig. Measurements were made with a
precision of 0.13 Wm corresponding to 1 pixel. Ex-
tensive assessment of the repeatability of diameter
measurements made in this way indicated that it
was necessary to make only one diameter measure-
ment without the need for spatial averaging.
The X and Y diameters of sample populations of
100 cells were measured in each specimen. In addi-
tion, the shape of the cells was quanti¢ed in terms of
the mean deformation index (X/Y) as employed in
several previous studies [18^20].
2.3. E¡ect of hyaluronidase treatment on matrix
content and cell deformation
On days 1, 3 and 6, agarose-cell specimens were
removed from culture and incubated in solutions of
testicular hyaluronidase (Sigma) prepared in
DMEM+20% FCS at concentrations of 1, 10, 100,
1000 and 10 000 units ml31. Untreated control speci-
mens were incubated in DMEM+20% FCS without
hyaluronidase. The individual specimens were each
incubated in 2 ml of the appropriate hyaluronidase
solution for a period of 1 h at 37‡C. The hyaluroni-
dase solutions were removed and each specimen was
subsequently washed twice in 2 ml of EBSS.
At each time point, three specimens from each
hyaluronidase treatment group were frozen at
320‡C prior to subsequent analysis of sulphated
GAG content using the DMB assay described above.
The sulphated GAG content within specimens
treated with hyaluronidase was compared with the
equivalent level in untreated specimens, using the
unpaired Student’s t-test.
The remaining specimen from each treatment
group was employed to determine the level of cell
deformation when the specimen was subjected to a
20% gross static compressive strain. A sample of
50 individual cells were visualised over a 60 min pe-
riod of compression using the confocal microscopy
technique described above. The frequency distribu-
tion of the deformation indices within compressed
agarose specimens has previously been shown to be
Gaussian in nature [19]. Thus, parametric unpaired
Student’s t-tests were employed to compare the level
of cell deformation between the hyaluronidase treat-
ment and control groups at di¡erent time points.
2.4. Visualisation of pericellular matrix and the e¡ect
of agarose compression
In a separate study, half-core agarose-cell speci-
mens were prepared and maintained for up to
6 days in DMEM+20% FCS within a tissue culture
incubator. Both the cells and any elaborated extra-
cellular matrix were then stained as follows. Speci-
mens were ¢rst incubated for 1 h in a 1:20 solution
of the anti-keratan sulphate primary monoclonal
mouse antibody, 5-D-4, [35], prepared in
DMEM+20% FCS. The specimens were then washed
twice in EBSS to remove any unbound primary anti-
body and incubated for 1 h at 37‡C in a 1:20 solu-
tion of rhodamine conjugated rabbit anti-mouse Ig
secondary antibody (Sigma) and 5 WM Calcein AM
in DMEM+20% FCS. Finally, specimens were
washed in fresh EBSS. Control specimens were also
prepared in which the primary antibody was not
used.
In a preliminary experiment, one day 6 specimen
was labelled with Calcein AM, ¢xed at 4‡C in 3%
paraformaldehyde prepared in PBS and then labelled
for keratan sulphate, using 5-D-4 primary antibody
and rhodamine secondary antibody as described
above.
Both cells and any elaborated extracellular matrix
were visualised simultaneously using dual scanning
confocal microscopy. Dual laser excitation at
488 nm and 514 nm was employed in association
with a 565 nm secondary dichroic mirror, a
570 high pass ¢lter and 540 DF 30 band pass ¢lter.
In order to maximise image brightness and confocal-
ity, a U60 oil immersion objective with a numerical
aperture of 1.4 was employed for all dual confocal
imaging.
To determine the in£uence of agarose compression
on cell and matrix deformation, specimens cultured
in DMEM+20% FCS for 1, 3 and 6 days and then
labelled with Calcein AM and 5-D-4 primary anti-
body and rhodamine secondary antibody. Control
specimens were labelled only with Calcein AM. The
specimens were then compressed to 20% strain within
the test rig.
It was important to determine whether the pres-
ence of the £uorescent antibody matrix stain in£u-
enced the deformation of the cells and therefore, by
implication, the deformation of the labelled keratan
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sulphate. The deformation indices of samples of
50 cells were therefore measured in both 5-D-4 la-
belled and control specimens using single scanning
confocal microscopy as described previously.
To visualise the e¡ect of gross compression on the
matrix, dual scanning confocal sections were made
through the centres of representative individual cells
at a distance of 50^100 Wm from the specimen sur-
face. These same cells and any associated extracellu-
lar matrix were visualised in both the unstrained
state and when subjected to 20% gross compressive
strain.
3. Results
3.1. Chondrocyte production of matrix and
morphology in agarose
The biochemical analysis data for cell-agarose
specimens cultured for 1, 3 and 6, are presented in
Table 2. Over the 6 day culture period the quantity
of sulphated GAG increased steadily where as the
synthesis of collagen, as indicated by the hydroxy-
proline assay, showed a much slower turnover rate.
Freshly isolated articular chondrocytes seeded in
agarose were found to adopt and maintain a spher-
ical morphology throughout a 6 day culture period,
as re£ected by mean deformation index of approxi-
mately 1.00 þ 0.04 at all three time points. The me-
dian cell X diameter increased from a value of 9.6 Wm
at day 1 to a value of 12 Wm at day 6, represented a
statistically signi¢cant increase of 25% (Table 1).
However, the minimum cell diameters measured at
day 6 were similar to those measured at day 1.
At day 1 of culture, isolated chondrocytes de-
formed from a spherical to an oblate ellipsoid mor- phology at 20% agarose compressive strain. This de-
formation was characterised by a mean deformation
index of 0.70 þ 0.04, which was maintained over a 60
min period of static compression. The median cell
diameter values at 0% and 20% compressive strain
have been used to calculate the percentage change in
cell X and Y diameters, or cell strains, in specimens
compressed at days 1, 3 and 6 (Table 1). Thus at day
1 a 20% agarose strain resulted in a reduction in cell
X diameter of approx. 20%. Cell deformation did not
vary with position in the agarose specimen.
After increasing time in culture, there was a reduc-
Table 1
Chondrocyte X and Y diameters (median) agarose after 1, 3
and 6 days in culture
Days in culture 0% strain 20% strain
X Y X Y Ox Oy
1 9.6 9.6 7.7 11.2 319.8 16.7
3 10.2 10.3 9.4 11.2 37.8 8.7
6 12.5 12.8 11.9 13.1 34.8 2.3
Cell diameter strains have also been calculated based on the
median diameter values.
Fig. 2. E¡ect of hyaluronidase on sulphated GAG content
within specimens cultured for (a) 1, (b) 3 and (c) 6 days in
DMEM+20% FCS. Error bars represent S.D. for n = 3. Statisti-
cally signi¢cant di¡erences from the values for untreated speci-
mens at each time point are indicated at the 5% (*), 1% (**)
and 0.1% (***) levels.
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tion in the level of cell deformation during agarose
compression. This was re£ected by an increase in the
mean deformation index to 0.79 at day 3 and 0.92 at
day 6. This increase in deformation index resulted
from a reduction in the magnitude of both the X
and Y diameter strains (Table 2).
3.2. E¡ect of hyaluronidase treatment on matrix
content and cell deformation
The sulphated GAG content within specimens
treated with di¡erent concentrations of hyaluroni-
dase after 1, 3 and 6 days culture in DMEM+20%
FCS, are presented in Fig. 2. At all three time points,
specimens treated with testicular hyaluronidase at
concentrations of 100 units ml31 and above con-
tained signi¢cantly less sulphated GAG than the cor-
responding untreated control specimens. This e¡ect
was clearly dose dependent above the speci¢ed con-
centration threshold. The sulphated GAG content
within specimens treated with hyaluronidase was
compared with that in untreated control specimens
at day 1, i.e. approx. 50 Wg sulphated GAG g31
agarose. At day 3, there were no statistically signi¢-
cant di¡erences between the levels of sulphated GAG
in specimens treated with 1000 and 10 000 units ml31
of hyaluronidase and the level found in day 1 con-
trols. Similarly at day 6, the amount of sulphated
GAG in specimens treatment with 10 000 units
ml31 of hyaluronidase was not signi¢cantly di¡erent
from that found in the day 1 controls.
The mean deformation indices for compressed
agarose-cell specimens following treatment with dif-
ferent concentrations of hyaluronidase, are presented
in Fig. 3. At day 1 of culture, hyaluronidase treat-
ment had a minimal e¡ect on the level of cell defor-
mation. The mean deformation indices which ranged
from 0.69 to 0.71, were not signi¢cantly di¡erent
from the value obtained for the untreated control
specimen (Fig. 3a).
However, at days 3 and 6, hyaluronidase treat-
ments at and above concentration thresholds of
10 and 1000 units ml31 respectively, produced dose
dependent increases in cell deformation. This was
re£ected by reductions in the deformation indices
which were statistically signi¢cant (Fig. 3b,c). At
day 3, hyaluronidase concentrations of 1000 and
10 000 units ml31 restored cell deformation to the
levels similar to that observed in untreated control
specimens at day 1, i.e. X/Y = 0.70. By contrast at
Fig. 3. E¡ect of hyaluronidase on cell deformation for speci-
mens compressed to 20% strain after culture periods of (a) 1,
(b) 3 and (c) 6 days in DMEM+20% FCS. Error bars represent
S.E.M. for n = 50. Statistically signi¢cant di¡erences from the
values for untreated specimens at each time point are indicated
at the 5% (*), 1% (**) and 0.1% (***) levels.
Table 2
Biochemical analysis of sulphated GAG and hydroxyproline
content in cell-agarose specimens after 1, 3 and 6 days in cul-
ture
Days in culture Wg sulphated GAG
g31 agarose
Wg hydroxyproline
g31 agarose
1 58 ( þ 13) 4.54 ( þ 1.33)
3 158 ( þ 10) 4.73 ( þ 0.67)
6 411 ( þ 22) 9.48 ( þ 1.74)
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day 6, the highest hyaluronidase concentration of
10 000 units ml31, yielded a mean cell deformation
index of 0.84 which was signi¢cantly greater than
that for control specimens at day 1.
3.3. Visualisation of pericellular matrix and the e¡ect
of agarose compression
At day 6, keratan sulphate was successfully visual-
Fig. 4. Dual scanning confocal images through the centre of an isolated cell and associated pericellular keratan sulphate (KS). (a)
Day 1, 0% strain; (b) day 1, 20% strain; (c) day 6, 0% strain; (d) day 6, 20% strain; (e,f) immuno£uorescent control specimens at
day 6, 0% strain, (e) no primary 5-D-4 antibody, and (f) specimen ¢xed prior to matrix staining.
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ised using dual scanning CLSM in conjunction with
labelling with 5-D-4. By contrast, no matrix staining
was seen in the absence of primary antibody. Most
cells were completely surrounded by a 3^6 Wm thick
pericellular shell of elaborated keratan sulphate
which was separated from the cell membrane by a
distinct gap of 2^3 Wm (Fig. 4c,d). This gap region
was also present within ¢xed specimens (Fig. 4f).
The deformation indices of specimens labelled with
Calcein AM with and without 5-D-4 are presented in
Table 3. At all three time points, days 1, 3 and 6,
there were no statistically signi¢cant di¡erences be-
tween the deformation of cells in specimens with and
without matrix stain.
Static 20% compression of the agarose-cell speci-
mens at day 1 resulted in deformation of the cells
from a spherical to an oblate ellipsoid morphology
as shown in Fig. 4a,b. At day 6, the compression
produced no appreciable deformation of either the
cells or their associated shells of pericellular matrix
(Fig. 4c,d).
4. Discussion
The use of confocal microscopy and the cell stain,
Calcein AM, provides a non-invasive technique for
visualising viable cells seeded within agarose speci-
mens. Isolated articular chondrocytes in unstrained
agarose were found to adopt a spherical morphology
which was maintained over the 6 day culture period
in agreement with previous studies [16^20]. The di-
ameter of the unstrained cells increased by approx.
30% over this culture period. However, not all cells
exhibited the same increase in size such that the min-
imum cell diameters were similar at days 1 and 6.
The two subpopulations have previously been shown
to originate from di¡erent depths within the cartilage
tissue with super¢cial cells exhibiting slower growth
than deep cells [17,32,36].
The deformation index distribution approach is a
well established technique, which provides a precise
estimate of the level of cell deformation within a
compressed chondrocytes-agarose specimen [18^20].
The present study has utilised this approach for a
population of 50 cells within specimens compressed
to 20% strain after culture periods of up to 6 days.
Previous studies using the same concentration of
3% agarose and 4U106 cells ml31, have reported no
statistically signi¢cant changes in the gross mechan-
ical properties over a 6 day culture period [20,32].
Mechanical characterisation indicated that 3% agar-
ose exhibits viscoelastic stress relaxation following
the application of a 20% uncon¢ned compressive
strain. Therefore, in order to ensure that cell defor-
mation measurements were made at a constant ap-
plied stress, measurements were made at least 10 min
after the application of compression at which point
over 90% of the stress relaxation had occurred
[19,32]. However, no relaxation of cell deformation
was observed in the initial 10 min period of compres-
sion (data not presented) in contrast to the reported
relaxation in softer 2% agarose gel [18].
At day 1, biochemical analysis indicated that the
cell-agarose specimens contained a small amount of
sulphated GAG and minimal collagen as indicated
by the sulphated GAG and hydroxyproline assays
respectively (Table 2). The sulphated GAG is likely
to be composed of both cell membrane bound sulph-
ated GAG, such as chondroitin sulphate present on
CD-44, which was not removed during cell isolation
and also sulphated GAG which was elaborated post
isolation [22]. The collagen may be in the form of
type VI collagen which is known to be strongly as-
sociated with the cell membrane of isolated chondro-
cyte [22,37^39].
Over the 6 day culture period, the isolated chon-
drocytes synthesised matrix containing both sulph-
ated GAG and a small amount of hydroxyproline
(Table 2). Alterations in hydroxyproline levels were
minimal over the ¢rst 3 days in contrast to the rapid
elaboration of sulphated GAG from day 1. These
results agree with studies by Poole and co-workers
using confocal immunolocalisation to visualise di¡er-
ent matrix molecules elaborated by chondrocytes in
Table 3
Cell deformation indices in 20% compressed agarose with and
without anti-keratan sulphate 5-D-4 labelling after 1, 3 and 6
days in culture
Days in
culture
X/Y
Matrix staining present Matrix staining absent
1 0.70 ( þ 0.06) 0.70 ( þ 0.04)
3 0.83 ( þ 0.07) 0.79 ( þ 0.06)
6 0.91 ( þ 0.06) 0.92 ( þ 0.06)
Values represent mean ( þ S.D.) for n = 50.
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agarose [37^40]. The elaborated matrix formed a
pericellular shell around each individual cell (Fig.
4c,d,f). Previous studies have reported that isolated
articular chondrocytes cultured in agarose for up to
12 weeks elaborate extracellular matrix containing
sulphated GAG present on aggrecan as well as bigly-
can, decorin and collagen types II, VI, IX and XI
[17,21,22,37,38,41]. The presence of other matrix
molecules such as ¢bronectin and hyaluronan has
also been reported [37,38,41]. However, the di¡erent
turnover rates of each macromolecule cannot guar-
antee their presence at early time points.
Twenty percent compression of all cell-agarose
specimens at day 1 resulted in cell deformation char-
acterised by a mean deformation index of approx.
0.70. This level of cell deformation was maintained
over the 60 min period of compression. The corre-
sponding cell X and Y diameter strains of 320% and
16.7% respectively (Table 1) are in agreement with a
previous study by the authors in which the same
individual cells were measured at levels of agarose
compression from 0% to 20% strain [32]. The simi-
larity between the values of cell X strain and applied
gross strain suggests that the compressive moduli of
isolated chondrocytes at day 1 is less than the equi-
librium modulus of 3% agarose, equivalent to ap-
prox. 25 kPa [32]. Previous reported modulus values
for isolated chondrocytes, range from 0.75 kPa,
based on micropipette suction experiments [42], to
4.0 kPa, based upon the relaxation of cell deforma-
tion in 2% agarose [18].
The enzyme testicular hyaluronidase cleaves di-
rectly both hyaluronan and chondroitin sulphate,
thereby preventing retention of aggrecan within the
specimen. At days 1, 3 and 6, increasing concentra-
tions of hyaluronidase, at and above a threshold of
100 units ml31, released increasing amounts of sulph-
ated GAG from the agarose-cell specimens (Fig. 2).
Hyaluronidase treatment did not a¡ect cell viability,
as determined by Calcein AM staining.
The small amount of sulphated GAG present at
day 1 was found to be insigni¢cant in terms of its
e¡ect on the mechanical behaviour of the isolated
cells since its removal, using hyaluronidase (Fig.
2a), did not signi¢cantly alter the level of cell defor-
mation during compression (Fig. 3a).
Over the 6 day culture period, the present study
has found a reduction in the level of cell deformation
during compression of agarose-cell specimens char-
acterised by a reduction in cell X and Y diameter
strains (Table 1) and a corresponding increase in
deformation index (Fig. 3). This reduction is in
agreement with previous studies [19,20] and was as-
sociated with an increase in sulphated GAG content
(Table 2). At both days 3 and 6, hyaluronidase treat-
ments at and above the 100 units ml31 threshold
produced a reduction in sulphated GAG content
with an associated increase in cell deformation dur-
ing compression (Fig. 3b,c). The relationships be-
tween sulphated GAG content and cell deformation
for both hyaluronidase treated and control specimens
at each time point are presented in Fig. 5. Separate
linear models were employed and both those repre-
senting data for days 3 and 6 were found to be sta-
tistically signi¢cant. Thus, the presence of elaborated
pericellular matrix is directly responsible for the re-
duction in cell deformation during compression ob-
served in untreated control specimens in this and
previous studies [19,20].
There are, however, important di¡erences in the
deformation of cells following removal of sulphated
GAG at days 3 and 6. At day 3, removal of sulph-
ated GAG to day 1 control levels fully restored
the cell deformation to that found in control speci-
mens at day 1, i.e. X/Y = 0.70. However at day 6,
complete removal of sulphated GAG to day 1
control levels only partially restored cell deforma-
Fig. 5. E¡ect of sulphated GAG content on cell deformation
index for specimens treated with hyaluronidase following cul-
ture periods of 1, 3 and 6 days in DMEM+20% FCS. Linear
models (9) have been ¢tted as indicated.
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tion, i.e. X/Y = 0.83 (Figs. 3c and 5). One explanation
is that the cell sti¡ness at day 6 has increased, pos-
sibly due to the development of organised cytoskele-
ton [43]. A more likely hypothesis is that the sti¡ness
of the pericellular matrix was enhanced at day 6 by
components in addition to the sulphated GAG, for
example collagen, which are not present at earlier
time points. This hypothesis appears to be strength-
ened by the fact that there was minimal change in the
level of hydroxyproline from day 1 to day 3 but a
signi¢cant increase by day 6 (Table 2). This has
important implications for the relative mechanical
contribution of di¡erent components of the matrix.
Thus the mechanical sti¡ness of the elaborated ma-
trix is likely to be considerably a¡ected by its com-
position, as is the case in intact articular cartilage
[44,45].
The mechanism by which the matrix reduces cell
deformation has been investigated in the present
study by visualising the e¡ect of compression on
the matrix. Dual scanning confocal microscopy and
indirect immuno£uorescence with a primary mono-
clonal antibody raised against native keratan sul-
phate was successfully employed to visualise elabo-
rated keratan sulphate present at day 6 [35]. The
primary antibody 5-D-4 was used for this study since
it does not require partial enzyme digestion, which
would undoubtedly reduce the mechanical integrity
of the matrix. Although some other primary antibod-
ies also do not require enzyme digestion, only 5-D-4
was utilised since the aim of this study was to exam-
ine the gross mechanical properties of the pericellular
matrix and not the spatial organisation or speci¢c
properties of individual matrix components as in pre-
vious studies [22,37^40].
At day 6, the labelled keratan sulphate formed a
complete pericellular shell around individual cells
which was separated by a gap of 2^3 Wm from the
cell membrane. This unstained gap region was evi-
dent in both un¢xed and ¢xed specimens (Fig. 4c,f),
suggesting that it was not caused by the removal of
loosely bound matrix. Previous confocal studies by
Poole and co-workers using 5-D-4 and other aggre-
can epitopes, report a similar variation in staining
intensity with distance from the membrane of iso-
lated chondrocytes cultured in agarose [22]. It is pos-
sible that this gap region may be rich in other matrix
molecules associated with the cell membrane, such as
hyaluronan [46^48], ¢bronectin [38,49], or type VI
collagen [22,37^40].
The matrix staining was found to produce no sta-
tistically signi¢cant e¡ect on the deformation of the
cells during compression (Table 2) implying no
change in the mechanical properties of the matrix.
Results indicated that there was negligible deforma-
tion or distortion of the pericellular matrix shell
when the specimen was subjected to 20% compressive
strain. Thus the presence of the matrix elaborated
over a 6 day culture period, appears to reduce cell
deformation during compression by providing a peri-
cellular shell with a sti¡ness (EPCM) which is greater
than that of the 3% agarose substrate (E3%agarose =
25 kPa). The suggestion that the elaborated matrix
is sti¡er than the agarose substrate has previously
been inferred by Buschmann et al. [50]. These au-
thors demonstrated a signi¢cant increase in the con-
¢ned equilibrium aggregate modulus of agarose-cell
specimens over a 70 day culture period associated
with the elaboration of a mechanically functional
matrix.
The present study has clearly shown that the lim-
ited amount of pericellular matrix elaborated after
only 3^6 days, has su⁄cient mechanical integrity to
protect the isolated cells from deforming during 20%
gross compressive strain. These changes in chondro-
cyte deformation due to the elaboration and compo-
sition of pericellular matrix will inevitably in£uence
the possible mechanotransduction pathways within
isolated cell seeded systems such as those employed
for cartilage repair.
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